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Diffusion bonding is a useful joining technique that allows similar 
and dissimilar materials to be bonded together in near net shape. 
Although modelling of the diffusion bonding process has been done to 
predict the bonding parameters needed to achieve parent metal mechanical 
properties (1,2), the possibility still exists that defects will be 
present in the bonded plane. There are three classes of defects that can 
be formed, with voids being the most common and heavily studied ones 
(3-8). Contamination of the bond line is a serious defect and the effect 
on NDE interrogation has been discussed previously by the authors (8) and 
others (3). A "kissing bond" is another type of defect which is 
difficult to detect and is the focus of this paper. It is the purpose of 
this work to find an NDE technique that can evaluate the bond strength 
uniquely, regardless of the class of defect, without any information 
about the bonding conditions. 
BACKGROUND 
The preparation of the surfaces prior to diffusion bonding creates 
surfaces with long and short wavelength asperities. The attainment of 
full interfacial contact can be modelled as a two step process. The 
first step is the elimination of the long wavelength asperities by creep. 
This step is a strong function of the applied stress. The interface then 
consists of voids equivalent to the short wavelength asperities. The 
void can be collapsed by creep or filled by surface diffusion (2). Once 
interfacial contact has been achieved, interdiffusion can take place to 
achieve parent metal mechanical properties (3). 
As pointed out, the attainment of full interfacial contact does not 
imply that the mechanical properties will be optimized. In this case, a 
kissing bond may be obtained. A "kissing bond" represents an intimate 
mechanical contact between slightly rough surfaces (9). This can be 
achieved in a variety of manners. One can easily imagine the case where 
during the bonding process the pressure is sufficiently high that the 
faces are forced together with no resulting three-dimensional voids but 
with insufficient interdiffusion occurring. Also, since interfacial 
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diffusion is faster than lattice diffusion, filling of the voids could 
occur before diffusion across the interface takes place. The detection 
of such kissing bonds is an enormous challenge for the NDE community. 
A systematic acoustic study of bond quality on diffusion bonds 
containing voids was done by Palmer et. al. on Cu-Cu diffusion bonds 
(4,5). By varying the time and temperature used for diffusion bonding at 
a constant pressure of 13.3 MPa, a wide range of bond qualities were 
achieved. Normal incidence ultrasonics was used to interrogate the bonds 
and the reflection coefficient for each bond was determined. Ultimate 
tensile strengths were measured for the samples and a correlation with 
the reflection coefficient was obtained. It was found that an increase 
in the reflection coefficient related to an increase in the number and 
size of the voids present at the interface and hence a decrease in the 
strength of the bond. Recent work on Ti-6Al-4V has shown similar trends 
(6). 
Even though the above work has established an empirical correlation 
between the reflection coefficient and mechanical properties, prediction 
of the mechanical properties requires that one knows the void size and 
distribution. Such a unique determination of the voids present at the 
interface could not be achieved using normal incidence alone. Therefore, 
fractography was performed on the fracture surface to determine the void 
size and distribution. By employing linear elastic fracture mechanics to 
the fractography results, the stress intensity factor, KI, for the bonded 
sample was determined (7). Since KI was found to be a constant for the 
samples fabricated, knowledge of the void size and distribution can be 
used to predict the strength of the bond. An NDE technique is needed to 
replace the destructive fractography procedure, however. This has been 
shown to be possible by correlating normal incidence results with 
ultrasonic diffraction as determined by Rehbein et. al. to quantify the 
void size and distribution (8). With such a second measurement available 
it should be possible to determine uniquely the bond strength by NDE 
means solely. 
With encouraging results by the NDE investigations on the 
characterization of diffusion bonds on similar materials (4-6), a study 
into diffusion bonds of dissimilar materials was initiated to determine 
the effect of an impedance mismatch on the results. Cu and Ni were 
chosen for this study due to the lack of formation of a second phase that 
could complicate the analysis. 
EXPERIMENTAL PROCEDURE 
A series of diffusion bonds were made of Cu against Ni by varying 
the time and temperature while keeping the bonding pressure constant at 
18.8 MPa under a flowing hydrogen atmosphere to eliminate the formation 
of surface oxides. A complete list of the samples used and bonding 
conditions is given in Table I. Surface roughness measurements 
correspond to the rms height of the short wavelength asperities. 
Final sample geometry was 2.54 cm in diam. and 2.794 cm tall with 
equal volume of eu and Ni. A 10 MHz focused broad band transducer was 
used to nondestructively interrogate the dissimilar diffusion bonds 
produced using normal incidence procedures described by Palmer et. al. 
(4,5). A saw slot was then introduced above the bond line to simulate a 
perfect reflector against which the bond signal could be deconvolved in 
the frequency domain. This allowed experimental values of the reflection 
coefficient to be determined. 
Two 0.635 cm square tensile samples were cut from the diffusion 
bonds produced to determine the strength of the bond. A reduced gage 
section was then machined in the tensile coupon straddling the bond line 
with dimensions of 0.635 cm by 0.3175 cm by 0.635 cm long. The samples 
were tested uniaxially at a strain rate of 1.3 x 10- 3 s-I. The fracture 
strength or ultimate tensile strength was then recorded depending upon 
which was higher. 
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Table I. Bonding Conditions and Surface Roughness 
Sample Temp Time Cu Roughness Ni Roughness 
~ hrs. ~ ~ 
1 500 0.25 0.407 0.061 
2 500 1.00 0.387 0.049 
3 500 4.00 0.130 0.038 
4 575 0.25 0.316 0.101 
5 575 1.00 0.346 0.113 
6 575 4.00 0.203 0.061 
7 650 0.25 0.188 0.105 
8 650 1.00 0.282 0.085 
9 650 4.00 0.224 0.073 
Optical microscopy was used to evaluate the bond line and to measure 
the average extent of interdiffusion. The latter was measured by noting 
microstructural changes due to the formation of the interdiffusion layer. 
Scanning Electron Microscopy (SEM) was performed to determine the type of 
failure that occurred, brittle or ductile. A Scanning Auger Microprobe 
(SAM) was used to evaluate the composition of the fracture surfaces. 
Since the kinetics of diffusion bonding plays an important role in 
understanding the resulting NDE and mechanical behavior, work was 
reinitiated on Cu-Cu diffusion bonds at higher pressure than before (4,5) 
to gain insight into the kinetics of the diffusion bonding process. The 
pressure chosen for this work is 18.5 MPa which is close to that for the 
Cu-Ni study and significantly higher than the pressure of 13.3 MPa used 
by Palmer et. al. (4,5). 
RESULTS 
The most striking result of the ultrasonic interrogation and 
corresponding tensile results of the Cu-Ni diffusion bonds is that a wide 
range of mechanical strengths with little or no Change in the reflection 
coefficient, at 6 MHz, was observed in contrast to the results reported 
by Palmer et. al. (4,5). This is shown dramatically in Fig. 1 where the 
ultrasonic maps displayed for samples 3 and 9 are almost the same with 
widely different ultimate tensile strengths. The Cu-Ni diffusion bond 
data, obtained so far, are collected in Table II. The theoretical 
reflection coefficient was found to be 0.086 (±0.02) which is in 
excellent agreement with published results (10). 
However, a correlation was found between the amount of 
interdiffusion and the resultant tensile strength as shown in Table II 
and Fig. 2. The plot of tensile strength versus interdiffusion distance 
shows increasing strength with increasing amount of interdiffusion with a 
plateau reached at 2.5 ~lm. At larger interdiffusion distances, failure 
occurs in the Cu, outside the interdiffusion layer. This agrees with 
results of deformation studies of the Cu-Ni system showing that Cu has 
the lowest tensile strength and that the system shows solid-solution 
strengthening across the whole composition range (11). Therefore, a good 
bond should break in the Cu side of the bond. Tensile results correlated 
with SEM work show that as the interdiffusion distance changes from zero 
to 2.5 ~, the fracture appearance changes from brittle-like to ductile 
failure. 
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Fig. 1. Ultrasonic maps and corresponding tensile strengths of (a) 
sample no. 9 and (b) sample no. 3 showing the discrepancy 
between the ultrasonic and tensile results. 
Table II. Mechanical and Microscopy Results 
Sample Reflection Interdiffusion UTS Fracture 
No. Coefficient Distance MPa Surface Conc.* 
,0,0.02 I-JIlI Cu at.X 
1 0.12 0.13 64 15.11 
2 0.12 0.21 55 39.99 
3 0.10 0.92 45 40.57 
4 0.12 0.63 20 NA** 
5 0.10 1.42 76 NA 
6 0.08 2.54 225 78.88 
7 0.10 1.42 123 NA 
8 0.08 2.38 207 NA 
9 0.10 6.83 225 100.00 
* Concentration on Ni half of broken tensile coupon. 
** NA - Not Available 
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Fig 2. Ultimate tensile strength versus interdiffusion distance. 
Auger analysis of the fracture surfaces of the Cu-Ni bonds is in 
progress. Preliminary results show an increase in Cu concentration on the 
Ni fracture surface, with improved bonding conditions, as expected from 
an increase in interdiffusion distance. The results are tabulated in 
Table II. 
Preliminary results indicate that the increase in the pressure on 
the Cu-Cu diffusion bonds may not have been sufficient to completely 
close the voids. However, a large decrease in reflection coefficient was 
noticed for the samples bonded at lower temperatures. At higher 
temperatures less of a change was observed. Destructive work on these 
samples has not been performed as yet to determine conclusively if 
kissing bonds are present. 
DISCUSSION 
The results of this investigation point out the importance of the 
average interdiffusion distance between the two halves of the diffusion 
couple on the mechanical properties as was shown in Fig. 2. A certain 
critical interdiffusion distance is needed to obtain the highest strength 
possible. In this study, this distance was found to be 2.5~. At 
larger interdiffusion distances the diffusion couple breaks in the weaker 
of the two parent materials. The preliminary Auger fracture surface 
analysis confirms this effect. As the bonding conditions change to 
higher temperatures and longer times, the interdiffusion increases and 
hence the amount of Cu found on the surface increases as Cu is the 
weakest part of the bond fabricated. This is apparent when large 
interdiffusion distances are obtained and the fracture occurs in the Cu 
as was obtained for sample no. 9, where an interdiffusion distance of 6.8 
~ was achieved. 
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(a) (b) 
Fig. 3. Optical micrographs of (a) sample no. 3 and (b) sample no. 9 
showing the differences in interdiffusion distance and the 
absence of voids. 
The importance of interdiffusion distance on mechanical properties 
is also seen for similar diffusion bonds. To obtain parent material 
strength from the bonded material, grain growth is needed to occur 
extensively across the interface as reported in the literature (3). In 
this case grain growth is an indication of interdiffusion. 
The thickness of the interdiffusion layer is an indicator of whether 
the sample will fail at a high or low stress level. For the Cu-Ni 
diffusion couples discussed in this paper, the ultimate strength 
achievable for all the samples should be that of Cu (225 MPa). This 
assumes that no voids are present as indicated by the ultrasonic 
investigation with results tabulated in Table II. Also, viewing the bond 
line optically as shown in Fig. 3 has not yielded any indications of 
voids being present. Yet, different ultimate stress levels were found 
for the samples tested with no change in their ultrasonic response. Fig. 
3 shows that the diffusion is not uniform, especially in sample no. 3 
where regions of interdiffusion and no interdiffusion were observed. 
Yet, the regions showing no interdiffusion do not show voids being 
present. These regions of no interdiffusion may well be regions where 
the sample faces have been forced together with no interdiffusion 
occurring. Fractography confirms this when looking at.the surface of the 
low strength sample which shows no indication of ductile behavior and 
very small amounts of interdiffusion having taken place when compared to 
high strength sample as seen in Fig. 4. The most likely explanation of 
these contradicting data is that there are kissing bonds present in the 
sample that are not detected by ultrasonic reflection measurements. 
These kissing bonds are most likely found in regions that show no 
interdiffusion taking place and also show no voids present. One possible 
explanation is that the pressures used are sufficiently high that the 
void faces are being forced together during the diffusion bonding 
operation, yet very little interdiffusion is taking place across the 
interface. Cu-Cu samples were fabricated at a higher pressure of 18.5 
MPa versus the 13.3 MPa used by Palmer et. al. to see if the voids could 
be closed up and result in kissing bonds. Ultrasonic reflection 
measurements indicate that the voids did close up partially indicating 
that some of the larger voids collapsed but not completely. 
This leads to the possibility that a combined creep and surface 
diffusion process is occurring in the weaker samples as suggested by 
Garmong et. al. (1). Since the diffusion is modelled as an interface 
phenomena and copper is found on all the nickel fracture surfaces as 
reported by Auger analysis, a surface diffusion effect has been 
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Fig. 4. 
(a) (b) 
Scanning electron micrographs of (a) sample no. 3 showing 
brittle-like failure and (b) sample no. 8 showing ductile 
failure. 
considered. It has been reported in the literature that Cu diffuses 
faster on a Ni surface than on itself (12). This could then lead to 
filling of the voids formed in stage 2, reducing them in size or 
completely eliminatin& them thus leading to formation of a kissing bond. 
CONCLUSIONS 
At present, the most likely explanation for the mechanical behavior 
of the diffusion bonds produced in this study is that kissing bonds are 
created in the samples. These defects are difficult to detect 
nondestructively using the methods employed to date. Therefore, the 
challenge is to find a nondestructive means to detect these kissing 
bonds. There are several possibilities that appear promising to detect 
these kissing bonds. Electrical resistivity is one such technique; it 
takes advantage of the increase in resistivity due to an increase in 
interdiffusion between the Cu and Ni and of an increase in resistivity 
due to unbonded regions such as is the case for a kissing bond. The 
first effect can easily be seen by the fact that the alloys between Cu 
and Ni show large increases in resistivity over the parent materials 
(11). Hence, as the amount of overall interdiffusion takes place an 
increase in resistivity could be measured. This technique shows promise 
since interdiffusion is an indication of bond quality for this case. The 
second effect has been described by Lodge and Briggs (13) in detail and 
applied to the characterization of diffusion bonds. 
Another possible detection scheme may employ shear wave reflection. 
Recent work has also shown that shear waves are more sensitive to the 
bond line condition and as such may be useful to detect kissing bonds 
(9). Work using electrical resistivity and shear wave measurements on 
such diffusion bonds containing kissing bonds is in progress. 
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